Objective: This essay aims to make investigation on the mechanism of glucose metabolism disorder and Lipopolysaccharide administration-induced cognitive function impairment in adult rats with surgery. Methods: Divide the objects, 40 male Sprague-Dawley rats at the age of 9 months, into 4 groups. Provide unilateral nephrectomy surgery and/or lipopolysaccharide intraperitoneal injection. Postoperative cognitive function evaluation would be tested by the Morris water maze. Rats with Postoperative Cognitive Dysfunction (POCD) were scanned to analyze the brain glucose metabolism by means of 18F-FDG PET/CT. Phosphatidylinositol 3-Kinase (PI3K), Protein Kinase b (AKT), Insulin Substrates Receptor-2 (IRS-2) and Glucose Transporter 4 (GLUT4) were detected as well. Data will be captured through gene expression in POCD rats via Quantitative Real-Time PCR (QRT-PCR). On the other side, Western Blot was used to measure the expression levels of IRS-2, p-IRS-2, p-PI3K, PI3K, p-AKT, AKT, GLUT4, and p-GLUT4. Results: During the Morris water maze test, the staging time (latency) of rats in each group was becoming short gradually as the training progressed. The incubation time of Day 5 of each group was shorter than that of Day 1 (P < 0.05). On the Day 3 after the surgery, the average target quadrant residence time of Group S+L (100 lg/Kg) was shorter, compared with Group C, L and S. Of which, the average number of perforation was reduced greater than that of Group C (P < 0.05). The average swimming speed of the groups is of no distinct difference (P > 0.05). After the operation, there was no great difference shown among the subjects (P > 0.05) in the average residence time of the target quadrant, the mean number of passages, and the mean swimming speed. On Day 3, the average latency of Group S+L (100 lg/Kg) was longer than Group C (P < 0.05) in the working memory test after the operation.
Introduction
After a major surgery, a central nervous system complication often occurs, which is called as POCD, the Postoperative Cognitive Dysfunction. Clinical manifestations normally include the loss of learning ability, memory, thinking ability and executive and expression ability (Feinkohl et al., 2017a; Needham et al., 2017) . POCD may last from a few hours, to a few days or weeks after surgery. In some cases, the disorder may exist for a few months, or even be permanent. Thus, it will result in reducing medication compliance, prolonging hospital stay, and increasing patients' costs, etc. (Carr et al., 2018) . With the rising number of surgery patients; the quantity of patients suffered from POCD is increasing year by year. Therefore, finding effective methods to treat POCD has become a thorny problem. The specific pathogenesis and mechanism of POCD remains unclear. Most scholars believe that POCD is caused by the degeneration of central nervous system in elder patients and induced by surgery and anesthesia. The brain energy metabolism disorder is caused by a combination of various risk factors and leads to neurological dysfunction (Cascella and Bimonte, 2017; Cropsey et al., 2015; Steinmetz and Rasmussen, 2016) . Perioperative patients often have fluctuations in blood glucose, which might be accompanied by high and low blood glucose levels, and the postoperative brain glucose uptake rate of POCD patients is significantly reduced. Recent studies have also found that hyperglycemia during extracorporeal circulation is a risk factor for POCD (Feinkohl et al., 2017b; Jones, 2008) . Therefore, study on the mechanism of POCD caused by abnormal glucose metabolism is of important guiding significance for perioperative clinical intervention. Studies have shown that glucose metabolism disorder is an important pathological mechanism of cognitive impairment (Díaz-Venegas et al., 2017) . McNay et al. found that hippocampal-dependent learning and memory function is related to brain glucose metabolism using brain microdialysis technique (McNay and Recknagel, 2011) . The mechanisms of abnormal glucose metabolism leading to POCD involve increased insulin resistance, abnormal insulin signaling pathway, enhanced oxidative stress response, increased advanced glycation end products (AGE), abnormal blood-brain barrier, and glucose transporter-4 metabolic disorders, among which, the insulin signaling pathway IRS-PI3K-AKT-GLUT4 disorder may exert influence on neuronal glucose metabolism and cognitive function changes (Rizzo et al., 2014; Pearson-Leary and McNay, 2016; Yaffe et al., 2011) .
At present time, diagnosis methods for POCD is insufficient. 18F-FDG (18F-fluorodeoxyglucose) PET/CT is an effective approach in detecting brain glucose metabolism-related damage in neurodegenerative dementia. Normal brain cells have high metabolism rate of 18F-FDG uptake, with standard uptake value. Standard Uptake Value (SUV) is a quantitative indicator that reflects the level of glucose concentration in brain cells, which functionally reflects the metabolic level of brain cells (Banzo et al., 2014; Jiménez-Bonilla et al., 2016) . In addition, lipopolysaccharide (LPS) is the main bacterial toll-like receptor 4 (TLR4) ligand that actuates the immune system to respond to infection. Previous studies have shown that surgery in adult rats with intraperitoneal injection of LPS might trigger more serious neurodegenerative diseases, which suggests that adult rats are more prone to cognitive disorders when they have received surgery. This simulates the cognitive function of surgical infection status in young patients in clinical settings (Sochocka et al., 2017; Fischer et al., 2011) . In this study, adult rats that have unilateral nephrectomy and have been treated with LPS intraperitoneal injection were used to cause adult rat cognitive dysfunction model. 18F-FDG PET/CT photo copies were used to record and test the changing of brain glucose metabolism of the rats with cognitive dysfunction. Molecular biological techniques were adapted to detect the changes of INSR-PI3K-AKT-GLUT4 of the insulin signaling pathway. Apart from the above, those techniques were helpful to explain the mechanism of glucose metabolism changes of POCD in adult rats, and to provide reference for preventing and treating POCD.
Experimental materials & methods

Objects/animals
Forty 9-month male Sprague-Dawley (SD) rats, ranging among 400-430 g, were caught from Vitallihua Experimental Animal Technology Co., Ltd. (license number: SCXK (Beijing) 2012-0001). Experimental objects were kept in SPF room of the Experimental Animal Center, Inner Mongolia Medical University. The room temperature was controlled at a suitable temperature (23 ± 1°C) to simulate the circadian rhythm. The warm fluorescent lamp was automatically switched on every 12 h. Food and water were offered sufficiently and accordingly. All the experimental rats were kept in the set environment for 7 days to get used to. The animal experiment was permitted by the Animal Ethics Committee, the General Hospital of the People's Liberation Army. Meanwhile, all guidelines of the National Institute of Health was followed strictly during the process of carrying out animal feeding and experimental operations to minimize the damage suffered by the experimental animals. Forty rats were divided into 4 groups randomly. The control group (Group C, n = 10): receiving intraperitoneal injection of placebo (0.3 mL normal saline) on the day of the surgery; LPS intraperitoneal injection group (Group L, n = 10): receiving LPS 100 lg/kg on the day of the surgery; surgery group (Group S, n = 10): receiving unilateral nephrectomy surgery; surgery + LPS intraperitoneal injection group (Group S+L, n = 10): receiving intraperitoneal injection of LPS 100 lg/kg 1 h before the surgery, followed by unilateral nephrectomy surgery. All rats were trained for water maze navigation task for five days before the surgery. One hour before the surgery, each group was given intraperitoneal injection of the corresponding dose of the drug. One hour later, the Group S and Group S+L were given unilateral nephrectomy surgery. Behavioral tests were performed during post-surgery period of 3 days after and 7 days respectively.
Experimental instruments and reagents
The establishment of this model mimics the human surgery and clinical infection status. First, Group S+L was given LPS (100 lg/kg) intraperitoneally 1 h before the surgery. One hour later, Group S were given a left hepatectomy surgery under general anesthesia condition. 10% Sodium pentobarbital solution (0.3 mL/100 g) was intraperitoneally injected during the surgery. After the righting reflex disappeared, the left lower costal abdomen was shaved, and the lateral position was fixed on the disinfection operating table.
After the conventional iodophor disinfection was done, a towel with a sterile hole was placed on the table, and a longitudinal incision was made about 3-4 cm to the midline of the left rib margin. The kidney was inserted into the abdominal cavity to reveal the renal pedicle. The renal artery was litigated at both the distal and proximal ends of the renal hilum. Then, the renal artery, renal vein and ureter were ligated, and the left kidney was completely removed. Then after the blood stanched, the surgical wound should be stitched back. The whole operation should be carried under aseptic conditions. After warmed up, SD rats recovered from righting reflex, and were taken back to the breeding room for feeding, and the behavioral tests were performed 3 and 7 days after the surgery respectively. The use of longitudinal incision on the back prevents the rat from biting its own wound during daily activities.
Morris Water Maze test
One common tool for studying behavioral neuro-science is the Morris Water Maze test, which is often used to assess the effects of neuro-cognitive therapy in rats. The experiment is divided into 2 phases, learning phase and memory phase. The learning phase is designed to last for one week. Before starting the experiment, the rats should be placed in a room with the water maze to make sure that they can fully adapt to the environment. The Morris water maze is a 51 cm-tall black and non-reflective stainlesssteel drum, with a diameter of 210 cm. It is fixed in a quiet room with dim light. The barrel is filled with clean and tasteless warm water, of which the depth is 40 cm and the temperature is controlled at 24 ± 1°C. The light for the camera probe to detect the SD rats is controlled strictly. The labyrinth pool is allocated into four quadrants, I, II, III, and IV. A circular underwater escape platform was placed in the first quadrant with a platform of 15 cmdiameter and 1 cm-lower below the water surface. During the experiment, all markers were set in fixed position. The experiment was carried at the same time every day. The camera was set directly above the pool to record the trajectory of the aged SD rats. The data collection and data processing were performed by Beijing Dingda Water Labyrinth Software. The experiment is divided into three parts: positioning navigation experiment, space exploratory experiment and working memory detection.
2.3.3. Small animal PET-CT scan of glucose metabolism in brain of POCD rats PET/CT scans of small animals' brain were performed on POCD rats and normal rats to obtain records of changing of brain glucose metabolism. Rats received injection of 18F-FDG for 40 min. The rats were then taken to the small animals PET/CT to receive brain scan. Before the PET/CT scan, the rats were anesthetized with a 10% chloral hydrate solution at a ratio of 3 mL/Kg, and fixed in the prone position. Scanning process: firstly, it would take to perform 5 min Micro-CT image, then PET image was done in 10 min, and then the images were captured through the SIEMENS Inveon MM workstation with Ordered Subsets Expectation Maximization (OSEM). Images of CT, PET, and fusion of the rat brain were obtained respectively. Quantitative analysis data of 18F-FDG uptake by POCD rat brain cells were obtained by SIEMENS Inveon MM IRW image fusion software.
The gene and protein expression of INSR, PI3K, p-PI3K, p-AKT, AKT, p-GLUT4, GLUT4 in the brain of the tested objects
The tested objects were sacrificed by cervical dislocation to quickly remove its brain tissue, and the bilateral hippocampus and prefrontal cortex of which were separated on ice. After being labeled, they were placed in liquid nitrogen for quick freezing, and finally stored in a À80°C refrigerator for testing. The extraction of total RNA was done with Trizol reagent. RNA integrity was detected by 2% agarose gel; the ratio of OD 260 to OD 280 indicates RNA purity. The extraction of total protein was extracted with RIPA reagent. The BCA method was used for protein quantification for Western Blot experiments. According to the experiment, the primer sequences are as following:
IRS ature of 95°C for pre-denaturation, then 10 s at 95°C for denaturation, then annealing for 31 s at the temperature of 60°C/extension, 40 cycles. Group C was set to be standard 1, and the relative quantitative value (RQ value) of the expression level of target genes were calculated with formula of RQ = 2 ÀDDCt . The RQ value was for statistical analysis.
Statistical analysis
Analysis report was conducted in SPSS 17.0. The used indicators were mean ± standard error, as Mean ± SEM. Repeated measure- In the navigational experiment of the water maze, the latency of the rats was gradually shortened as the training processed to reach the stage for each group. On Day 4, all rats in three groups can reach the platform in a short time after they were released into the water. In other words, they have memorized the position of the platform. As shown in Fig. 1 , the latency of Day 5 and Day 4 did not differ dramatically. There were no remarkable changes on the latency of each group of animals on the same day. All groups had a shorter latency on Day 5 than on Day 1 (P < 0.05). Thus, it showed that all of them had formed the memory of the platform position after training. Refer to Table 1.
Morris water maze test space exploration experiment results of each group of rats' behaviors
On Day 3, after the surgery, Group S+L (100 lg/Kg) was shorter than Group C, L and S in the average target quadrant residence time, and lower than Group C in average number of perforations. The difference was obvious (P < 0.05). The average swimming speed among the groups is of no flagrant contrast (P > 0.05). Refer to Tables 2, 3, Figs. 2, 3 .
In according to the mean target quadrant retention time, mean number of passages or average swimming speed among the groups on Day 7 after the surgery, no evident difference was displayed (P > 0.05). Refer to Table 3, Fig. 3 .
Behavioral results of working memory test
Results shown in the 3-day working memory test refers that the average latency of Group S+L (100 lg/Kg) was longer (P < 0.05).
The average latency in Group L and S was longer than in Group C (P > 0.05). See from the 7-day working memory test, the average latency of the rats in Group L, S and S+L (100 lg/Kg) was longer than in Group C (P > 0.05). Refer to Tables 4, 5, and Figs. 4 and 5.
18F-FDG PET/CT for detecting changes in glucose metabolism
Compared with preoperative rats, POCD rats of Group S+L (100 lg/Kg) were identified by 18F-FDG PET/CT three day later after the operation. The SUV max of the frontal and temporal lobe areas has decreased significantly (P < 0.05). However, no evident difference was shown between Group C and the preoperative SUV max (P > 0.05). Refer to Compared with the characteristics of PI3K, IRS-2, AKT, and GLUT4 mRNA in the hippocampus of the Group C, the key genes of insulin signaling pathways in POCD rats were reduced in the level of expression. Refer to Fig. 7 .
The expression of total protein of PI3K, IRS-2, GLUT4, and AKT in POCD rats was not contrastive from Group C. Yet the phosphorylation level has increased in IRS-2 protein. While, the phosphorylation levels decreased in PI3K, AKT and GLUT4 proteins. The change is obviously seen (P < 0.05). This accords with the expression of the gene level. And, again it was verified that the insulin signaling pathway in the hippocampus of POCD rats has suffered from disorder, and the glucose metabolism of POCD rats becomes abnormal as well. Refer to Fig. 8 .
Discussion
The clinical features of POCD can be manifested as loss of comprehension ability, inability to concentrate, memory loss, and decreased social ability, or anxiety, paralysis, and confusion. Studies have shown that hyperglycemia during extracorporeal circulation is an independent risk variable for POCD (Feinkohl et al., 2017b) . Therefore, it is crucial to study on the mechanism of POCD caused by abnormal glucose metabolism. Human brain only accounts for 2.5-3.0% of the body weight, but the cerebral blood flow accounts for 15-20% of the cardiac stroke volume. Brain is the largest oxygen consumer of the human body, which accounts for about 25% of the whole human body oxygen consumption, Glucose, transported through the blood and through the blood-brain barrier into the cerebral circulation, servers as the dominant energy source in the brain. Glucose is then actively transported into the cell to produce ATP through aerobic oxidation or glycolysis pathways. Studies have shown that glucose metabolism disorder is one of the important pathological mechanisms of cognitive impairment (Zhao et al., 2018) . It is also known that elevated blood glucose increases the toxicity of cytokines, leading to cognitive dysfunction in rats (Cukierman-Yaffe, 2014) . Currently, possible mechanisms of abnormal glucose metabolism leading to POCD include: (1) insulin resistance (IR). IR also occurs during stress reactions such as trauma, shock, and infection, so IR is a marker of surgical stress. Since we know that the neuronal apoptosis, accompanied by the decrease in the number of neurons caused by cell necrosis, is one of the important causes of cognitive dysfunction, and as an important neurotrophic factor, insulin can promote the survival, growth and differentiation of neurons to protect damaged neurons and reduce their degradation. Therefore, IR greatly reduces the positive effect of insulin on cognitive function and might cause the occurrence of POCD (Ma et al., 2015) . (2) Abnormal insulin signaling pathway. There are two pathways mainly included in insulin signaling pathway. One is PI3K, the phosphatidylinositol 3-kinase transmitting pathway. The other one is MAPK, as mitogen-activated protein kinase signaling pathway. The PI3K/AKT is a potential pathway for improving neuronal survival and differentiation during embryonic phase, responding to insulin and insulin-like growth factor and other inducing factors to maintain the balance of cell survival and apoptosis, and promote migration and myelination of neurons. (Liu et al., 2015) . Maintaining normal brain blood homeostasis and energy metabolism depends on the normal functioning of the insulin signaling pathway, and abnormal insulin signaling pathways may result in reduced ATP production. Therefore, disruption of the insulin signaling pathway might severely impair learning and memory function (Bloemer et al., 2014) . (3) Oxidative stress. Reactive oxygen species (ROS) acts indispensably in synaptic function in the brain. When the leverage between ROS production and intracellular antioxidants is severely disrupted, it would lead to mitochondrial dysfunction and cell damage. Abnormally elevated ROS can cause cognitive impairment (Hernandes et al., 2014) . In addition, ROS activates the NF-jB signaling pathway, which further activates PKC, leading to elevated advanced glycation end product (AGE), might result in impaired endothelial function (Toth et al., 2013) . Stress response caused by surgical procedures and anesthesia operations might cause blood sugar fluctuations, which exacerbate oxidative stress, a possible mechanism for causing POCD (Steinthorsdottir et al., 2017) . (4) abnormal blood-brain barrier. The blood-brain barrier has certain selectivity for the solute entering the brain to prevent it from being damaged by harmful substances in the blood circulation, and thus maintaining the basic stability of the brain environment. Abnormal glucose metabolism might damage the blood-brain barrier through multiple pathways. For example, insulin resistance leads to an increase in blood sugar, and hyperglycemia induces capillary proliferation, resulting in increased blood-brain barrier permeability. Abnormal glucose metabolism leads to decreased amount of materials transported through the blood-brain barrier, resulting in reduced transportation of trophic factors, including insulin, and thus puts the brain in an insulin-deficient environment, leading to decreased cognitive function (Lin et al., 2018; González-Reyes et al., 2016) . (5) Glucose transporter 4 (GLUT4). GLUT4 is a class of membrane integrin proteins with 12 transmembrane domains involved in glucose uptake. The IRS-PI3K-AKT-GLUT4 signaling pathway is the most likely signal transduction pathway for insulin activities in the central nervous system. Under the condition of resting state, GLUT4 is mainly stored in the vesicles of the cells, and the vesicles are transported to the cell membrane when stimulated. GLUT4 fused into the cell membrane can increase glucose uptake. Therefore, this signaling pathway disorder may correlate with neuronal glucose metabolism and cognitive function changes (Ramachandran and Saravanan, 2015; Yu et al., 2017) .
In this study, unilateral nephrectomy as well as 100 lg/kg LPS intraperitoneal injection is applied to set cognitive dysfunction models in adult SD rats, and the results of Morris Water Maze test will evaluate the POCD status of the rats. Statistical analysis showed the objects assigned to Group S+L statistically significant behavioral changes in the spatial exploration test and the learning working memory test, while others did not. This suggests that adult rats with only surgical stimulation, intraperitoneal injection of LPS, or intraoperative intraperitoneal injection of small doses of LPS is not enough to cause cognitive dysfunction. Studies have reported that rodents go through the surgery may experience cognitive impairment, which might be a result of high conditions of Fig. 7 . Expression of IRS-2-PI3K-AKT-GLUT4 related genes in the insulin signaling pathway of POCD rats. Fig. 8 . The Expression of IRS-2-PI3K-AKT-GLUT4 related genes in the insulin signaling pathway of POCD rats. inflammatory factors in the peripheral and brain caused by surgical stimulation. The infection of the peripheral system also increases the level of inflammatory factors in the brain, and thus aggravating postoperative cognitive dysfunction.
Presently, it has been recognized internationally that 18F-FDG PET/CT is efficient in finding brain glucose metabolism-related damage in neurodegenerative dementia. Normal brain cells have high metabolism of 18F-FDG, while regional glucose metabolism does not. The characteristic pattern can be used to distinguish vascular cognitive dysfunction in early stage. The standard uptake value (SUV) is, in this study, a quantitative index to reflect the degree of glucose concentration in brain cells, which means it can reflect the metabolic level of brain cells (Zhang et al., 2016) . Therefore, it is vital for diagnosis of dementia, both early and differential. The local metabolic abnormality of 18F-FDG PET/CT is called 'nerve'. One major feature of neurodegenerative dementia is the presence of downstream biomarkers of meta-injury (Grassetto et al., 2014; Tripathi et al., 2014) . According to this study, compared with preoperative rats, POCD rats of Group S+L (100 lg/Kg) were identified by 18F-FDG PET/CT in three days of the operation. The SUV max of the frontal and temporal lobe regions has decreased. Group C showed no significant difference from the preoperative rats in SUV max , which indicates that Group S+L suffered from cognitive dysfunction caused by abnormalities in glucose metabolism. This also shows that as a new functional imaging technology, 18F-FDG PET/CT provides good technical support and auxiliary methods for early diagnosis of POCD.
In addition, the expression of IRS-PI3K-AKT-GLUT4 related genes and protein factors was detected in the brain insulin signaling pathway of POCD rats. Results indicated that the key genes of insulin signaling pathways in the POCD rats hippocampus were mainly PI3K, IRS-2, and AKT, out from the expression of PI3K, IRS-2, GLUT4 and AKT mRNA in the hippocampus of Group C. what's more, the expression level of GLUT4 mRNA is lower than the preoperative rats. Total protein expression of PI3K, IRS-2, GLUT4 and AKT in the POCD rats was indistinctive from that in Group C. The phosphorylation level is higher in IRS-2 protein of the POCD rats than that of Group C, while it is lower in PI3K, AKT and GLUT4 proteins. Consistent with the expression of the gene level, it was confirmed that the insulin signaling pathway is abnormal in the hippocampus of POCD rats, as well as its glucose metabolism.
Conclusion
4.1 The unilateral nephrectomy and injection of LPS (100 lg/kg) was applied to prepare the cognitive dysfunction model of adult SD rats.
4.2 18F-FDG PET/CT imaging technique could work efficiently for early diagnosis of brain metabolic abnormalities in POCD rats; 4.3 Metabolic abnormalities in the brain of POCD rats are correlated with abnormal expression of IRS-PI3K-AKT-GLUT4 related genes and protein factors in the insulin signaling pathway. 
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